We investigated the significance of Gly1057Asp and Leu647Val insulin receptor substrate (IRS)-2 polymorphisms in two Italian cohorts comprising 186 glucose-tolerant subjects and 240 subjects with type 2 diabetes from the Lazio region (i.e. representative of central Italy), and 123 glucosetolerant subjects from the Sicily region (i.e. representative of south Italy). The allelic frequency of Gly1057Asp variant did not differ between diabetics (32.9%) and nondiabetic subjects, whatever their ethnicity was (35.8% and 33.7% from Lazio and Sicily, respectively). As compared with Gly/Gly subjects within each group, Asp/Asp individuals showed no differences in quantitative traits, including fasting insulin and C-peptide, and several indices of insulin sensitivity and secretion. Only
one of the diabetic patients was heterozygous for the Leu647Val variant, and none of the control subjects carried this variant. This patient had three children who were also heterozygous for this variant. They were glucose tolerant, and their insulin sensitivity and insulin secretion indices were within the range of age-matched controls. We also analyzed IRS-2 function in fibroblasts from carriers of Gly1057Asp or 
I NSULIN RECEPTOR SUBSTRATE (IRS)-1 and IRS-2 pro-
teins are key mediators in insulin signaling, and they play a central role for maintaining cellular functions such as growth, survival, and metabolism (1, 2) . Tyrosine phosphorylated IRSs act as docking proteins between the insulin receptor and a complex network of intracellular signaling molecules containing Src homology 2 domains, including the p85 subunit of phosphatidylinositol (PI) 3-kinase (3, 4) . IRS-2 knockout mice exhibit a phenotype similar to human type 2 diabetes, characterized by insulin resistance with abnormal glucose tolerance at birth culminating in the development of fasting hyperglycemia in later age (5) . Previous studies have identified several polymorphisms in the IRS-2 gene (6 -12) . One of these is a frequent variant causing a Gly1057Asp substitution, whereas four others are rare variants causing an Ala157Thr substitution, a Leu647Val substitution, a Gly879Ser substitution, and an insertion AAC (Asn) in the Asn repeat sequence centered around codons 29 -36 (10). In different populations, although the Leu647Val variant was found exclusively in type 2 diabetic patients (7), allelic frequencies of both Gly1057Asp and Gly879Ser variants were similar in diabetic and control individuals (6 -12) . By contrast, in an Italian population representative of East Coast Italy, a gene-environment interaction has been reported with homozygous for the Gly1057Asp variant being exposed to either a lower or a higher risk of type 2 diabetes according to body mass index (BMI) less than or greater than or equal to 27 kg/m 2 (9) . The reason for this discrepancy is not known. It may certainly reside in the different ethnicity of the populations studied but it may also be explained by a false positive result due to population stratification in Italy. In the present study, to minimize the risk of population stratification, we tested for association between IRS-2 polymorphisms and insulin resistance in two cohorts of independent Italian populations of different ethnicity (i.e. from Lazio, representative of central Italy; and from Sicily, representative of south Italy; Ref. 13 ). The cohort from Lazio was also tested for association between IRS-2 variants and type 2 diabetes. In addition, to more deeply investigate the biological significance, if any, of the IRS-2 polymorphisms detected in our cohorts, cultured fibroblasts from carriers of Gly1057Asp or Leu647Val variants were obtained, and functional studies on IRS-2 expression and function were performed.
Subjects and Methods Subjects
A total of 240 patients with type 2 diabetes and 186 glucose-tolerant subjects were recruited in the Lazio region of Italy. The subjects were consecutively recruited from the Department of Internal Medicine of the Abbreviations: BMI, Body mass index; FGIR, fasting glucose to insulin ratio; HDL, high-density lipoprotein; HOMA, homeostasis model assessment; IRS, insulin receptor substrate; PI, phosphatidylinositol; QUICKI, quantitative insulin sensitivity check index.
University of Rome-Tor Vergata to participate in this study. Type 2 diabetes was diagnosed according to the American Diabetes Association criteria (14) . Another Italian group consisting of 123 subjects who were residents of Sicily was recruited from the Institute of Internal Medicine, Endocrine and Metabolic Diseases, University of Catania. To estimate insulin sensitivity and ␤-cell function, we used several described indices derived from either fasting or oral glucose tolerance test (OGTT) measurements of glucose and insulin. Insulin sensitivity was estimated by using the homeostasis model assessment (HOMA) index (15) , fasting glucose to insulin ratio (FGIR; Ref. 16) , and the quantitative insulin sensitivity check index (QUICKI; Ref. 17) . ␤-cell function was estimated by both the HOMA index and the Stumvoll index (15, 18) . The study was approved by the institutional ethics committee, and informed consent was obtained from each subject in accordance with principles of the Declaration of Helsinki.
DNA analysis
Genomic DNA was isolated from peripheral blood according to standard procedures. The Gly1057Asp polymorphism was detected as previously described (7) . The nucleotide substitution at codon 647 of the human IRS-2 was determined by digesting PCR products with restriction enzyme BstNI (New England Biolabs, Inc., Beverly, MA). The primers used were 5Ј-GAG GGC TGC GCA AGA GGA CCT-3Ј, complementary to nucleotides 1706 -1726 of IRS-2 as upstream primer, and 5Ј-CCC TGG GCT GCA AAA TCT GCT T-3Ј, complementary to nucleotides 2059 -2080 as downstream primer.
Expression of IRS-2, tyrosine phosphorylation of IRS-2, and its association with the p85 subunit of PI 3-kinase in cultured fibroblasts
Skin fibroblasts were grown in monolayers at 37 C in RPMI 1640, supplemented with 10% fetal calf serum, and used for experiments between the 8th and 13th passages. After overnight incubation in serumfree medium, fibroblasts were incubated in the presence or absence of 100 nm insulin for 5 min at 37 C. The cells were lysed for 1 h at 4 C in buffer containing 150 mm NaCl, 50 mm Tris-HCl (pH 7.4), 10 mm EDTA, 10 mm Na 4 P 2 O 4 , 2 mm sodium orthovanadate, 10 mm NaF, 2 mm phenylmethylsulfonyl fluoride, 1% Triton X-100, and protease inhibitors. Aliquots of the supernatant were incubated for 16 h at 4 C with anti-IRS-2 antibody, and immune complexes were collected by incubation with protein A-Sepharose. Equal amounts of cell lysates or immunoprecipitated proteins were subjected to 7% SDS-PAGE, transferred to polyvinylidene difluoride membrane, and blotted with primary antibodies. Proteins were detected by enhanced chemiluminescence, and band densities were quantified by densitometry. Anti-IRS-2 and p85 subunit of PI 3-kinase antibody were purchased from Upstate Biotechnology, Inc. (Lake Placid, NY). The antiphosphotyrosine antibody was obtained from Transduction Laboratories, Inc. (Lexington, KY).
Statistical analysis
Data for continuous variables were expressed as mean Ϯ sd. Comparisons of continuous variables among groups were performed by ANOVA. For comparing discrete variables, 2 analysis was used. The distribution of alleles and genotypes among study groups was compared by 2 tests. A multivariate analysis was used to find out whether there was an independent association between the Asp allele and hormonal and biochemical variables, including HOMA indices, after adjustment for other modulators of insulin sensitivity and insulin secretion such as gender, age, BMI, cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides. The association of concomitant variables with genotypes was tested by one-way ANOVA. All comparisons with P value less than 0.01 were considered statistically significant, according to recently published guidelines (19). All analyses were performed using SPSS, Inc. (Chicago, IL) software program version 10.0 for Windows.
Results
Type 2 diabetic patients were older, showed higher waist to hip ratio, and had significantly higher levels of glycosylated hemoglobin and fasting glucose and triglycerides, and lower levels of HDL cholesterol compared with the two glucose-tolerant groups (P Ͻ 0.01). Furthermore, diabetic patients appeared to be insulin resistant, as estimated by HOMA and QUICKI, and had an impaired insulin secretion as estimated by ␤-cell HOMA and Stumvoll index (P Ͻ 0.01). The frequency of Asp allele was slightly, but not significantly, lower in type 2 diabetic patients than in the two glucose-tolerant groups (Table 1) . There was no difference in genotype frequency, which was in the Hardy-Weinberg equilibrium. In both the type 2 diabetic patients and the glucose-tolerant groups, no significant differences in BMI, waist to hip ratio, fasting glucose levels, glycosylated hemoglobin concentrations, total cholesterol, HDL cholesterol, triglycerides, fasting insulin and C-peptide levels, HOMA, QUICKI, or FGIR, and ␤-cell HOMA and Stumvoll index were observed among the three genotypes ( Table 2 ). After adjusting, in a multivariate analysis, for the confounding effect of well known modulators of insulin sensitivity (i.e. gender, age, BMI, and plasma lipids), no significant differences in insulin sensitivity, insulin secretion, hormonal and biochemical findings were detected between Gly/Gly, Gly/ Asp, and Asp/Asp genotypes in the three groups of subjects. After stratifying for different categories of BMI, the frequency of Asp allele was slightly (0.26), but not significantly, lower in diabetic patients with BMI below 27 kg/m 2 than in the two glucose-tolerant groups (0.36 and 0.34 for subjects from Lazio and Sicily, respectively; P ϭ 0.17), whereas in subjects with BMI equal to or higher than 27 kg/m 2 Asp allele frequency did not differ between the three groups of subjects (0.35, 0.33, and 0.37 for glucose-tolerant subjects from Lazio, from Sicily, and type 2 diabetics, respectively). After stratifying for different categories of BMI, no significant differences in hormonal and biochemical findings, or indices of insulin sensitivity or insulin secretion were detected between Gly/Gly, Gly/Asp, and Asp/Asp genotypes in the three groups of subjects. The Leu647Val IRS-2 variant was detected in one of 240 diabetic patients and in none of the glucosetolerant subjects. The proband was a man, now aged 45 yr, with onset of diabetes at age 43 yr. No DNA was available from parents because his father had died at age 52 yr for duodenal carcinoma, whereas his mother had died at age 72 yr for myocardial infarction. His three children appeared healthy; they were heterozygous for the Leu647Val IRS-2 variant, whereas his spouse was wild type. The two older siblings had normal fasting glucose levels and normal 2-h post-load glucose concentrations. No differences in insulin sensitivity or insulin secretion were detected between the two heterozygous siblings and age-matched wild-type subjects.
To determine whether Gly1057Asp and Leu647Val variants have any repercussion on IRS-2 function, fibroblasts from carriers of Gly/Gly, Gly/Asp, or Asp/Asp genotype FIG. 1. Expression of IRS-2, tyrosine phosphorylation, and its association with the p85 subunit of PI 3-kinase in cultured fibroblasts. Fibroblasts from Gly/Gly, Gly/Asp, and Asp/Asp carriers (left panels) or from wild-type (wt) and heterozygous Leu647Val carriers (right panels) were incubated in the presence (black bars) or absence (white bars) of 100 nM insulin for 5 min. Equal amounts of proteins were immunoprecipitated with anti-IRS-2 antibody, subjected to SDS-PAGE, and immunoblotted with antiphosphotyrosine (top panels), anti-p85 (middle panels), or anti-IRS-2 antibody (bottom panels). Proteins were detected by enhanced chemiluminescence. The autoradiographs shown are representative of three independent experiments. IP, Immunoprecipitated; WB, Western blotting. and the heterozygous Leu647Val carrier were analyzed. IRS-2 protein levels were similar in cells from carriers of the three genotypes (Fig. 1) . The amount of IRS-2 did not differ in fibroblasts expressing the Leu647Val IRS-2 variant as compared with wild type (Fig. 1) . Insulin-stimulated tyrosine phosphorylation of IRS-2 was similar in fibroblasts expressing Gly/Gly, Gly/Asp, or Asp/Asp genotype (Fig. 1 ). There were no significant differences in the extent of phosphorylation between cells expressing IRS-2 wild type or the Leu647Val IRS-2 variant. Next, we investigated whether the IRS-2 variants had any influence on insulin-stimulated association of p85 subunit of PI 3-kinase to IRS-2. Both basal and insulin-stimulated binding of p85 subunit to IRS-2 was similar in fibroblasts expressing Gly/Gly, Gly/Asp, or Asp/ Asp genotype (Fig. 1) . Accordingly, the interaction between IRS-2 and p85 subunit of PI 3-kinase was similar in cells expressing Leu647Val IRS-2 variant as compared with wild type (Fig. 1) .
Discussion
We found that the frequent Gly1057Asp IRS-2 variant showed no association with the common form of type 2 diabetes. This variant did not appear to affect any clinical and biochemical features in both glucose-tolerant and type 2 diabetic subjects, nor did it seem to have any impact on insulin secretion and insulin sensitivity. Our results confirm those reported in different populations, including Danish, Swedish, Finnish, Chinese, German, and Dutch (6, 7, 10 -12) , but are at variance with those reported in a study of a different sample of the Italian population (9) . In this study, it was found that the Gly1057Asp IRS-2 variant is associated with a lower prevalence of type 2 diabetes in lean subjects, and with a tendency toward an increased prevalence of type 2 diabetes in overweight subjects. Moreover, Asp/Asp type 2 diabetic patients exhibited a trend toward lower insulin sensitivity as deduced by increase in fasting C-peptide concentrations (9) . It is possible that regional differences in the distribution of this genotype may explain this discrepancy, as has been shown for the Gly972Arg IRS-1 variant (20) and the glucagon receptor Gly40Ser variant (21) . In addition, differences in the age of the study populations might account for the discrepancy between the present and the previous results. Lower fasting insulin and C-peptide levels have been observed in Asp/Asp middle-aged Danish subjects as compared with a young Danish population (7), thus raising the possibility that the potential effect of this IRS-2 variant is not detectable in early adult life but develops as a result of age-related modifications in insulin sensitivity. However, this possibility seems unlikely because no differences in insulin and C-peptide levels between Gly/Gly and Asp/Asp carriers were detected either in our three groups of subjects, which differ for mean age, or in a Swedish population aged 70 yr (7) . Moreover, differences in the methods used to assess insulin sensitivity (HOMA and FGIR vs. fasting C-peptide levels) may account for the disparity. Fasting C-peptide used as a surrogate for insulin sensitivity cannot explain more than 30 -40% of the variance in glucose-derived insulin sensitivity, whereas HOMA and FGIR correlation with clamp is about 0.80 (22, 23) . We also identified a rare Leu647Val variant of IRS-2 in only one of the diabetic patients examined and in his offspring. The offspring carrying this polymorphism showed no diabetes or impaired glucose tolerance, although we cannot exclude the possibility that they will develop type 2 diabetes later in life. Because only one patient carried this variant, the present data do not allow a statement on whether this polymorphism contributes to the development of rare cases of type 2 diabetes.
We evaluated the functional impact of the IRS-2 variants in fibroblasts from carriers of the different genotypes. The Gly1057Asp polymorphism did not alter the level of expression or the extent on insulin-stimulated tyrosine phosphorylation of IRS-2, although its location between two putative tyrosine phosphorylation sites (Tyr1032 and Tyr1061) might be predicted to alter IRS-2 phosphorylation. Moreover, this variant did not cause any impairment in the ability of IRS-2 to bind the p85 regulatory subunit of PI 3-kinase. Although we cannot rule out the possibility that there might be defects in IRS-2 function that were too subtle to be detected by our experimental approach, results support the notion that the Gly1057Asp variant does not affect IRS-2 function. The Leu647Val substitution is located close to tyrosine residue 653, which lies in a YMXM motif involved in the binding of p85 subunit of PI 3-kinase. However, we did not detect any abnormality in insulin-stimulated phosphorylation of Leu647Val IRS-2 or in its ability to bind the p85 subunit of PI 3-kinase. Although the antiphosphotyrosine blotting technique is not a sensitive method for detecting a selective defect in the phosphorylation of a single tyrosine residue, our results are consistent with a previous study in which the binding of the IRS-2 variant to p85 subunit of PI 3-kinase was measured using the yeast two-hybrid system (7) . Although these data suggest that Leu647Val variant does not affect insulin signaling, the pathogenic role of this polymorphism remains unsettled.
In conclusion, the common Gly1057Asp IRS-2 and the rare Leu647Val IRS-2 variants do not appear to affect insulin secretion and insulin sensitivity or to cause major defects in the function of IRS-2. Although we cannot totally rule out the possibility that IRS-2 variants may induce minor defects that were not detected by our sample size and laboratory assays, the present results strongly argue against a major role of IRS-2 polymorphisms in the pathogenesis of type 2 diabetes.
